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INTRODUCTION
Heavy-duty units and components of present-day
high-temperature aviation and stationary gas turbines
are made of refractory single-crystal nickel alloys. To
protect the surfaces of blades from gas corrosion and
the impact of high operating temperatures, thermal-
protective coatings (TPCs) are used. The oxidation
resistance of nickel-based alloys and heat-proof coat-
ings, as well as the lifetime of TPCs, are largely gov-
erned by the possibility of forming an α-Al2O3 oxide
layer [1, 2], which must have an adequate strength of
adhesion with a metal underlayer and the outer
ceramic layer (ZrO2–Y2O 3) and exhibit a high resis-
tance to thermomechanical fatigue.
The problems of adhesion strength are often asso-
ciated with the presence of sulfur at the metal/oxide
interface. The degree of adhesion depends on the
amount of sulfur impurities in the substrate material;
the content must not exceed 0.1–1 wt ppm according
to the sample size [1, 3–5].
A quantitative estimation of the strength of adhe-
sion between the resulting oxide film and the metal
substrate can be carried out using the scratch-test
technique [6, 7]. Results of preliminary studies
showed that, to determine the work of adhesion, it is
necessary to take into account the effect of residual
stresses in the oxide layer. The main cause of the
occurrence of residual stresses, the value of which
achieves –3 to –6 GPa in a long-term operation, is
temperature cycling. Upon cooling samples or real
construction units, compression stresses occur in the
oxide layer due to the difference in the coefficients of
thermal expansion of the metal and ceramics. Ther-
mal stresses and strains lead to the violation of integ-
rity, a decrease in the adhesion strength of the Al2O3
layer, and to the acceleration of oxygen arrival to the
metal surface to be protected.
The main aim of this work is to estimate the adhe-
sion strength of the oxide layer formed upon the high-
temperature oxidation of single-crystal nickel-based
alloys with different concentration of sulfur. The long-
term research objectives cover the determination of
the adhesion strength at the metal/ceramics interface
in systems with TPCs under the conditions of cyclic
oxidation and the prediction of the lifetime of con-
struction units, including blades of aviation gas tur-
bines.
MATERIALS AND METHODS
We studied samples of French commercial first-
generation nickel-based single-crystal superalloys
AM1. To determine the residual stresses, we employed
bulk samples of a β-NiAl single-crystal alloy modified
with Pt (10 at %), which is used as an underlayer in
TPC systems (Snecma-Safran Group, France). The
chemical composition of AM1 is shown in Table 1.
The concentration of aluminum in the studied materi-
als is sufficient to form a continuous layer of α-Al2O3
during high-temperature oxidation.
AM1 alloy samples with different sulfur contents
(0.22–3.2 wt ppm) are discs with diameters of 13 mm
and thicknesses of 1.1–1.3 mm oriented along the
[001] axis. All sample surfaces were ground using sili-
con carbide paper, then polished with a 1-µm dia-
mond paste, cleaned in an ultrasonic bath in acetone
and high-purity alcohol, and dried. The samples were
weighed before and after oxidation using Sartorius ME
and Mettler Toledo scales accurate to 0.1 mg.
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Experiments on isothermal oxidation were carried
out using a SETARAMTM TAG 24S (CIRIMAT)
plant, which is characterized by a high accuracy of
weighing (up to 1 µg) at a temperature of 1100°С. The
heating and cooling rate was 60°C/min and the storage
time varied depending on the purpose of the experi-
ment. The oxidation was performed in an atmosphere
of purified air at a flow rate of 0.4 l/h.
We studied two aspects, i.e., (i) the effect of sulfur
content at a constant thickness of the oxide film on the
kinetics of oxidation and adhesion strength and (ii) the
effect of the resulting film thickness on the adhesion
strength for samples with the same chemical composi-
tion (Table 2). Samples with different sulfur content
were oxidized for 9, 17, and 18 h in order to obtain a
film with a comparable thickness.
The X-ray diffraction (XRD) was carried out
employing SEIFERT XRD 3000 TT (CIRIMAT) and
Bruker D8 ADVANCE (CIRIMAT and Siberian Fed-
eral University) instruments using CuKα radiation (a
wavelength K
α1 + α2 = 1.5418 Å), a scan step of 0.02° for
each sample; the recording was performed in a θ range
of 10 to 40° in the θ–2θ Bragg–Brentano geometry
and at fixed angles of incidence ψ = 4, 6, and 8°. The
real-time recording of diffraction patterns during the
oxidation of β-NiAlPt for determining residual
stresses was carried out using a Bruker D8 Advance
high-temperature diffractometer at 900 and 1100°С;
the holding time was 3 and 1 h, respectively; and the
rate of heating and cooling was 60°C/min.
Special software was used to process the diffraction
patterns, including ANALYZE [8], CARINE Crystal-
lography 3.1 [9], and Evaluation Package (Bruker).
The structure of the resulting films was studied using
LEO 435VP (CIRIMAT) scanning electron micro-
scopes equipped with a PGT (imix-PC) system for
energy dispersive spectroscopy (EDS) and a JSM
6490LV microscope (Center for Collective Use of
Siberian Federal University).
To estimate the adhesion strength of the oxide film
formed under conditions of high-temperature oxida-
tion to the metal surface, we used the scratch-test
technique based on a Revetest CSM Instruments
device. The tests were carried out using a conical dia-
mond indenter of the Rockwell C type with a radius of
the hemispherical tip of 200 µm under the conditions
of continuously increasing indentation load Fn of 1–
100 N. The loading rate was 50 N/min, and the scratch
length was 3 mm. The device is equipped with a built-
in optical microscope, a system for monitoring the
intensity of acoustic emission, and sensors of indenter
penetration depth and friction force. Five scratches
were made on each sample. According to optical
microscopy and changes in AE signal and friction
force, we determined the average value of the critical
load Fnc (minimal) at which the first flaking of the film
is observed. A schematic representation of the test is
shown in Fig. 1.
RESULTS AND DISCUSSION
Isothermal Oxidation 
The thermogravimetric analysis data for the iso-
thermal oxidation of the AM1 samples are shown in
Fig. 2. A high rate of oxidation is observed for all sam-
ples in the initial, so-called “transition,” region. After
Table 1. Chemical composition
Alloy/element 
oncentration, wt % S (ppm) Cr Co Mo W Ta Al Ti Ni
0.22
AM1 0.41 7.5 6.5 2 5.5 8 5.3 1.2 base
3.20
Table 2. Conditions of isothermal oxidation and oxide film thickness
Alloy Sulfur content, wt ppm  Holding under oxidation at 1100°C, h
Total film thickness*, 
t, µm
Thickness of inner 
a-Al2O3 layer, µm
AM1
0.22 18 1.1 ~0.7
0.41
9 1.3 ~0.7
100 2.4 ~1.4
330 3.6 ~1.7
3.2 17 1.3 ~0.8
NiAlPt – 10 0.8 ~0.8
Notes: Estimated by thermogravimetric analysis data and controlled by scanning electron microscopy.
approximately 6 h of storage, the kinetics of oxidation
for all samples obeys a parabolic law. The results of
experiments on the isothermal oxidation have good
reproducibility. As an example, Fig. 2 depicts two
curves for the composition of 0.41 ppm S. The para-
bolic rate constant kp for the oxide film growth was
determined by approximating the parabolic law
where t is the time, ∆m/S is the ratio of change in the
sample weight to the surface area, and А and В are con-
stants [10]. The values of kp for samples with different sul-
fur content are listed in Table 3. Figure 2 and Table 3
show that the kinetics of oxidation of the AM1 samples is
not a specific function of sulfur concentration. The high-
est rate of oxidation is characteristic of samples with an
intermediate sulfur content of 0.41 ppm S, which can
also be explained by some differences in the production
of original materials or by the presence of unregulated
impurities in the original rod. The authors do not yet have
accurate data about these impurities. Experiments on the
oxidation of samples with different surface roughness
were also carried out. No significant effect of the degree
of surface treatment on the kinetics of oxidation was
found. The results were reported in [11].
pt A B m S k m S= + ∆ + ∆
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Resulting Film Microstructure 
The results of studies using a scanning electron
microscope revealed that, after isothermal oxidation
at 1100°С for 100 h, a multilayer structure is formed on
the surface of the AM1 alloy. Figure 3 shows secondary
and backscattered electron images of the microstruc-
ture of the oxide layer.
The EDS and XRD were used for phase identifica-
tion. It is found that the oxide film consists of two lay-
ers, i.e., an inner layer from the side of the metal sub-
strate, which is composed of oriented grains of
α-Al2O3, and an outer layer, which comprises oriented
grains of NiAl2O4 spinel. The layers are separated by
discrete inclusions of tantalum and titanium oxides
(bright spots in the backscattered electron image,
Fig. 3a). The presence of titanium dioxide TiO2 was
confirmed by XRD. Upon the oxidation of the NiPtAl
samples, a homogeneous film of α-Al2O3 is formed on
the surface.
Estimation of Adhesion Strength 
A review of theoretical models based on the
approaches of linear fracture mechanics, as well as
various methods for determining the adhesive
strength, including the scratch-test technique, is pre-
sented in [12]. The scratch-test technique was used to
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Fig. 1. Scratch-test pattern.
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Fig. 2. Kinetics of isothermal oxidation of AM1 alloy with
different sulfur concentration (ignoring mass variation
during heating).
Table 3. Parabolic rate constant kp for the oxide film growth under isothermal oxidation at T = 1100°C, >6 h
Sulfur content, wt ppm Holding at 1100°C, h kP  × 10
–7 mg2/cm4/s B × 105   s   cm2/mg A × 105  s
0.22 18 1.4 –12.1 0.6
0.41
100 2.6 –11.5 1.1
330 1.8 –18.5 2
3.2 17 1.1 –23.9 1.7
measure the adhesion of various coatings on steel sub-
strates, such as hard coatings of TiN, CrN and
CrN/Cr, TiC, and/or TiC/CrC [6, 7, 13–15], as well
as to estimate the adhesion strength of the A12O3 layer
formed during oxidation [13].
In most cases, the scratch test is used for the com-
parative estimation of the mechanical adhesion in sys-
tems with thin films of the same thickness on identical
substrates. A quantitative estimation of adhesion
strength presents some difficulties that arise due to the
complex mechanical behavior of the system. The
results are significantly affected by numerous factors,
including the internal parameters of the system (load-
ing rate, type and radius of the indenter) and the prop-
erties of the sample (substrate hardness, coating thick-
ness, surface roughness, and friction coefficient). In
this work, the experimental parameters were predeter-
mined and maintained. Variables were either the sulfur
content at a constant film thickness (t = const) or the
film thickness with a constant chemical composition
(Scontent = const). The preliminary tests revealed that
the increase in the surface roughness led to the same
result for all samples, i.e., to the complexity of inter-
pretation and the irreproducibility of results; there-
fore, further experiments were only carried out for
polished samples (up to 1 µm). The test results are pre-
sented in Table 4.
The work of adhesion is commonly used as a mea-
sure of adhesion strength. Most theoretical models for
calculating the work of adhesion are based on the Grif-
fith energy approach, which relates the elastic strain
energy with the fracture surface energy. The applica-
tion of this approach for estimating the adhesion
strength in a film/coating system was proposed by
Laugier [16] and developed in a large body of research,
including [6, 14, 15].
The models of Burnett, Rickerby, and Bull [6, 14],
and Attar and Johanneson described below [15],
which are designated as (1) and (2), respectively, were
used to estimate the work of adhesion in this study. The
main difference between these models lies in the
method of estimation of local stresses.
According to (1), the expression that relates the
work of adhesion W and the critical load Fnc is as fol-
lows:
(1)
where Ef is the Young modulus of the oxide layer, νf is
the Poisson ratio of the oxide layer, µc is the friction
coefficient at the critical load, t is the thickness of the
oxide layer, and A is the cross-sectional area of the
scratch trace.
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Fig. 3. SEM images of oxide film formed on surface of AM1 alloy.
Table 4. Average* values determined from scratch tests of AM1 samples
Sulfur content,
wt ppm Film thickness Critical load Fnc, H
Friction force 
Ftc, H
Friction coefficient 
µ c
Trace width dc, µm
Effect of sulfur content at t = const
0.22 1.1 20 1.6 0.08 90
0.41 1.3 15 1.2 0.08 86
3.2 1.3 10 0.8 0.08 76
Effect of film thickness at Scontent = const
1.3 15 1.2 0.08 86
0.41 2.4 12 0.9 0.07 80
3.6 10 0.4 0.07 76
* Averaging of results of five experiments; see text for measurement error.
The area A was determined by the formula
where dс is the trace width at the critical load.
In the calculations according to [15], we used the
following expression to estimate the work of adhesion:
(2)
The physicomechanical properties of the oxide
film in this study were not determined and are the sub-
ject of a separate study. Therefore, we adopted the the-
oretical values of elastic modulus and Poisson ratio for
bulk α-A12O3 as follows: Ef= 380 GPa and νf = 0.24
[17]. According to expression (1), the work of adhe-
sion increases with growing oxide film thickness;
model (2) exhibits an inverse dependence.
Our studies using the scratch-test technique con-
firmed the well-known fact that the mechanical
behavior at the alloy/oxide interface depends on the
content of sulfur; the increase in its percentage
reduces the value of the work of adhesion (Table 5).
In this case, the two models show the same ten-
dency. Samples with high concentrations of sulfur (up
to 3.2 ppm) exhibit poor adhesion of the oxide layer,
which is accompanied by the appearance of a broad
zone of flaking throughout the scratch. As an example,
Fig. 5 depicts images of fragments of the scratch trace
for AM1 samples with sulfur concentrations of (a) 0.22
and (b) 3.2 ppm corresponding to the critical load.
However, for all samples, the values of the work of
adhesion in the case of using expression (1) are signif-
icantly lower than in the calculations by (2); for exam-
ple, for a sample with a sulfur content of 0.22 ppm, the
values of W are 2.2 and 21.7 J/m2, respectively.
Note that this result agrees well with experimental
data on cyclic oxidation (Fig. 5).
Thus, scratch tests can be performed in order to
predict the behavior of a system under cyclic oxidation
with a constant thickness of the oxide layer.
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The effect of time of isothermal oxidation (layer
thickness) on the mechanical behavior at the interface
is ambiguous when using the above models, which
yield the opposite results. This fact is largely deter-
mined by the microstructural changes that occur with
increasing time of oxidation in both the oxide film and
at the metal/oxide interface.
It is noteworthy that the tendency of decreasing
adhesion with increasing storage time, which is
observed through expression (2), is consistent with
experimental observations. Sources of errors in the
determination of the work of adhesion by models (1)
and (2) is the use of the theoretical values of Young
modulus and Poisson ratioEf (10%) and νf (up to
30%), as well as errors in measuring the trace width dc
(±5µm) and the critical load Fnc (10%). However, the
neglect of the value of residual stresses leads to even
more significant errors. The values of W ignoring
residual stresses are listed in Table 5. For example, for
a sample with a sulfur content of 0.22 ppm, with regard
for compressive residual stresses of –4 GPa, the values
of W increase to 39 and 90 J/m2 by expressions (1) and
(2), respectively. The results are discussed in more
detail in [18].
Table 5. Values of the work of adhesion for AM1 alloy samples
Sulfur con-
tent, wt ppm
 Film thick-
ness t, mm
Work of adhesion W, J m–2
Model 1 Model 2
Effect of sulfur content at t = const
0.22 1.1 2.2 21.7
0.41 1.3 2.0 11.4
3.2 1.3 1.8 6.5
Effect of film thickness at Scontent = const
1. 3 2.0 11.4
0.41 2.4 2.8 3.5
3.6 3.9 1.8
100 µm
(a) (b)
Alloy surface
Oxide film
Fig. 4. Optical images of fragment of scratch trace at critical load for samples with different sulfur content (bright light areas are
metal surface, dark areas are oxide film): (a) 0.22 wt ppm and (b) 3.2 wt ppm.
Residual Stresses 
Experiments on the determination of residual
stresses were performed by XRD for a β-NiAl sample
modified with Pt; a homogeneous continuous film of
α-Al2O3 is formed on its surface during high-tempera-
ture oxidation. The preliminary tests included the
recording of diffraction patterns of reference powders
of Si and α-Al2O3, which enable one to determine
instrument errors, optimize the parameters of high-
temperature experiments, and reveal the position of
XRD lines of unstrained α-Al2O3.
The comparative analysis of the diffraction patterns
showed that the XRD lines for the NiAlPt sample, on
which an oxide film is formed during high-tempera-
ture oxidation, are shifted by 2θ = 0.15–0.2° com-
pared to the reference sample. The estimation of
stresses by the technique described in [19, 20] showed
that this shift corresponds to compressive stresses of
1.5–2.5 GPa, respectively. The error of the method is
20%.
We also determined the value of thermal residual
stresses in the oxide film with neglect of the film
growth stresses and the temperature dependence of
the material characteristics by the formula proposed
by the authors of [21]:
where ∆α is the difference between the temperature
coefficients of linear expansion of the substrate and
the oxide film (αmet = 13.6–14 × 10
–6 С–1, αf = 8 ×
10–6 С–1) and ∆T is the temperature range of 1100°С–
20°С. The compressive stresses were ~3 GPa. Accord-
ing to the literature [22], the thermal residual stresses
in the film, which were determined by optical fluores-
cence spectroscopy (OFS), were 3.3–3.5 GPa, which
is consistent with the results of this study.
f
T
f
E T∆α∆
σ =
− ν
,
1
CONCLUSIONS
For the rapid estimation of the adhesion strength in
an alloy/oxide system and prediction of the behavior
of the material under cyclic oxidation, we propose a
scratch-test technique. The currently available models
for the quantitative estimation of adhesion in a
metal/oxide system are analyzed. The effect of sulfur
concentration and the thickness of the layer formed
during oxidation on the value of the work of adhesion
is studied. It is found that, for a constant thickness of
the oxide layer, the proposed technique can be used to
predict the behavior of the system under cyclic oxida-
tion. Residual stresses are experimentally determined
by XRD.
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